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Angular distributions of the Coulomb breakup of radioactive 17F were measured by impinging a
10 MeV/nucleon beam on 208Pb and on 58Ni to study the dynamic polarization effects. The breakup
products, oxygen and a proton, were detected in coincidence. First-order perturbation theory signiﬁcantly
overpredicts the breakup cross section for the 208Pb target. Dynamical calculations with a dynamic
polarization as the leading order correction were performed. The calculations reproduce the data for
17F on 58Ni but overpredict the breakup of 17F on 208Pb by a factor of two at forward angles.
© 2009 Elsevier B.V. Open access under CC BY license. In a distant collision, the projectile can absorb virtual photons
generated by the target Coulomb ﬁeld and become excited. Cou-
lomb dissociation occurs when the excitation energy is above the
particle breakup threshold, resulting in the separation of the va-
lence nucleons and the core nucleus. It is the inverse of the radia-
tive capture reaction, and therefore, a useful technique for studying
stellar nucleosynthesis involving short-lived nuclei where direct
measurements are diﬃcult or impossible [1]. With an increasing
number of radioactive isotope beams available for studying capture
reactions that occur in stellar environments, such as those in the
rp-process, some measurements will inevitably be performed by
Coulomb dissociation because of the short lifetimes that make di-
rect measurements impractical. In order to extract essential infor-
mation on radiative capture by detailed balance, reaction mecha-
nisms in Coulomb dissociation must be understood. As an example,
extensive efforts have been devoted to measure the rate of the cru-
cial reaction 7Be(p, γ ) which is responsible for the generation of
8B neutrinos in the sun [2]. Several of these experiments were per-
formed by measuring the inverse reaction, Coulomb dissociation of
8B (→ 7Be + p) [3–8]. The astrophysical S factor extrapolated to
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Open access under CC BY license. zero-energy, S17(0), is systematically lower than that obtained by
direct measurements [9].
First-order perturbation theory is often used for analyzing
Coulomb dissociation experiments [3–5]. While Coulomb disso-
ciation of loosely bound neutron-rich nuclei has been studied
extensively and is fairly well understood [10,11], this is not true
for proton-rich nuclei in which the loosely bound valence protons
actively participate in the reaction. It is suggested that the inclu-
sion of higher-order corrections are required [12,13]. This has been
conﬁrmed in Continuum-Discretized Coupled-Channels (CDCC) cal-
culations [14] which show that by including such higher-order
corrections in the analysis of the 8B Coulomb dissociation exper-
iment [4] one obtains a much better agreement with the direct
radiative capture measurement [9]. Of particular importance is the
dynamic polarization effect where the valence proton is displaced
behind the nuclear core and shielded from the target. This effect
manifests itself as a reduction of breakup probability compared
to ﬁrst-order perturbation theory predictions. It is the leading
order correction and is proportional to the cube of the target
nuclear charge (Z ). The phenomenon of dynamic polarization is
well known in other ﬁelds of physics. For instance, the ranges of
π− and antiproton propagation in matter are longer than that of
π+ [15] and proton [16,17], respectively. The reduction in stop-
ping power of negatively charged particles, the Barkas effect, is
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ter [18].
In order to probe the dynamic polarization effect in Coulomb
dissociation, we have measured the two-body breakup of 17F by
bombarding targets of different Z , 58Ni and 208Pb. The valence pro-
ton in 17F is bound by 600 keV. There is only one excited state
(495 keV) below the particle breakup threshold. Since the dynamic
polarization has a dependence of 1/Ebeam , an incident energy of
10 MeV/nucleon was chosen to optimize the size of the effect and
to minimize the complication from higher-order effects at lower
energies [12]. This Letter reports on the exclusive angular distri-
butions for the breakup of 17F → 16O + p. Results of ﬁrst-order
perturbation calculations and dynamical calculations considering
the dynamic polarization are compared to the measurement.
The experiment was carried out at the Holiﬁeld Radioactive Ion
Beam Facility (HRIBF). The 17F beam was produced by the 16O(d,n)
reaction using the Isotope Separator On-Line (ISOL) technique [19].
The 17F ions were post-accelerated by the 25 MV tandem elec-
trostatic accelerator. The analyzing magnet located at the exit of
the accelerator was set to select fully stripped 17F9+ ions so that
the isobaric contaminant, 17O, was completely removed from the
beam. A silicon surface barrier detector placed at 10◦ with respect
to the beam was used to monitor the intensity of the beam. The
average intensity was 8 × 106 particles per second (pps) and the
maximum was greater than 107 pps. The targets were isotopically
enriched 58Ni and 208Pb with thickness of 1.0 and 1.84 mg/cm2
respectively. The reaction energy was taken as the beam energy at
the middle of the target.
The reaction products were detected in a stack of three 5 ×
5 cm2 silicon strip detectors. The center of the detector array was
in the horizontal scattering plane. The normal vector at the center
of the detector surface pointed toward the target. The front and
middle detectors were single-sided with 16 strips each. They were
mounted with their strips oriented perpendicular to each other
yielding 256 pixels in the active area. The thickness of the front
detector was 64 μm and the middle detector 278 μm. They were
used for identifying projectile-like particles by measuring the en-
ergy loss (E) in the front detector and the residual energy (Eres)
in the middle detector. The breakup protons had suﬃciently high
energy to pass through the ﬁrst two detectors. They were detected
in the back detector which was double-sided with 16 horizontal
strips on one side and 16 vertical strips on the other. The thick-
ness of the back detector was 295 μm. The measurements were
performed for angles between 8◦ and 22◦ for the 58Ni target and
8◦ and 50◦ for the 208Pb target with each pixel of the detector
telescope subtending approximately 0.9◦ . Three angle settings of
the detector telescope were required for the 208Pb target mea-
surements. The energy calibration was performed by the elastic
scattering of 19F and proton beams on the 208Pb target.
The proton–oxygen coincidence events were analyzed by ﬁrst
drawing gates for the oxygen (Z = 8) ions in the E vs. Eres his-
tograms. Each histogram was created using events in the middle
four pixels of a vertical strip. This restricted the angular accep-
tance of each angle to be of or less than 1◦ . Subsequently, proton
events that were associated with the oxygen ions were sought in
the back detector.
The cross sections were obtained by normalizing to the yield
in the 10◦ monitor where the elastic scattering was assumed to be
Rutherford scattering. In order to verify this normalization method,
the angular distributions of elastic scattering were studied. The
full-width-at-half-maximum of the elastic scattering energy peak
was approximately 1.4 MeV. However, the full-width-at-tenth-
maximum was approximately 2.6 MeV. Thus, several quasielastic
processes including the inelastic excitation to the ﬁrst excited state
of the projectile and target, and the transfer of neutrons from tar-get to projectile could not be resolved. The angular distribution
of elastic scattering and inelastic scattering for 17F + 208Pb agrees
well with our previous measurement [20]. The new measurement
has a better angular resolution.
For the 208Pb target, the monitor detector was well inside the
grazing angle. Using the monitor detector for cross section normal-
ization was valid. Furthermore, when the detector assembly was
positioned at 15◦ and at 31◦ , the pixels at the most forward angle
were inside the grazing angle. These pixels were used to check the
normalization by the monitor detector and the results agreed with
that of the monitor. This was not the case for the 58Ni target. Nei-
ther the monitor detector nor the pixels at the most forward angle
were suﬃciently forward. It was necessary to make a correction.
The double-folding São Paulo Potential (SPP) [21] was adopted
for the analysis since it has been used to describe a large amount
of data for heavy ion reactions [22,23]. It has been demonstrated
that this potential is applicable for reactions involving halo nu-
clei [24]. The elastic scattering of 17F+ 208Pb was calculated using
the SPP with the default parameters that were obtained from sys-
tematics. The default depth of the imaginary potential, 78% of the
depth of the real potential, was used [22]. The result is shown
in Fig. 1(a) and compared to the measurement. Only data points
with the ratio of elastic to Rutherford greater than 0.5 are shown
because the inﬂuence of quasielastic scattering is less. The agree-
ment between the calculation and the data is fairly good. A similar
calculation was done for 17F + 58Ni. Fitting the calculation to the
forward angle data by minimizing the χ2, a renormalization factor
of 1.2 was found to be required for the data, as shown by the open
circles in Fig. 1(b). Another calculation using the code Ptolemy
[25] and a potential created by single-folding the CH89 nucleon
potential [26] also showed that a renormalization factor of 1.2 was
required for the data. It is assumed that this renormalization factor
appropriately compensates for the deﬁciency in the normalization
to the monitor data discussed in the previous paragraph, therefore,
the renormalization factor was adopted and applied to the angular
distribution of 17F+ 58Ni exclusive breakup data.
Monte Carlo simulations were performed to estimate the eﬃ-
ciency of the detector array for detecting proton and oxygen in
coincidence. The differential Coulomb dissociation cross section as
a function of scattering angle was calculated with ﬁrst-order per-
turbation theory to generate the event distribution. The algorithm
applied in the simulation followed the data reduction procedure,
namely, identifying oxygen in the E-Eres telescope then examin-
ing if a proton was detected in the last strip detector. The simula-
tions included the effects of the beam spot size, energy loss, and
multiple scattering. The breakup fragments were assumed to be
emitted isotropically in the 17F rest frame. Since the nuclear charge
to mass ratio of the breakup fragments is different from that of the
projectile, the Coulomb repulsion exerted by the target differs for
the projectile and the breakup fragments. As a result, the proton
will receive a boost in energy and the energy of the oxygen frag-
ment will be reduced by the same magnitude. The shift in energy
is proportional to the nuclear charge of the target [27].
The effect of this post-breakup acceleration was investigated
by examining the proton energy spectra. The comparison of the
simulated proton energy spectra with and without post-breakup
acceleration is shown in Fig. 2 by solid and dashed curves, respec-
tively and the measurement is shown by the red histogram. The
calculated spectra were normalized to the peak of the measured
spectrum. A clear shift in energy can be seen. It is noted that the
detector does not stop the breakup protons, therefore, higher en-
ergy protons leave less energy in the detector. This was taken into
account in the simulations. The eﬃciency for detecting breakup
fragments in coincidence was 14% to 19% for 17F on 58Ni and 18%
to 40% for 17F on 208Pb, varying with the position of the pixels.
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(a) 17F + 208Pb and (b) 17F + 58Ni. The solid curves are the results calculated
with the double-folding São Paulo potential and the dashed curves with the single-
folding CH89 potential. Experimental data are shown by the solid circles and renor-
malized data by the open circles.
Fig. 2. Energy loss spectrum of protons detected in coincidence with oxygen at 27◦
for 17F + 208Pb. The Monte Carlo simulated spectra are shown by the dashed and
solid curves for simulation without and with post-breakup acceleration, respectively.
The exclusive breakup angular distributions are shown in Fig. 3
by the solid circles. The dashed curve is the result of ﬁrst-order
perturbation theory for E1 transitions, the dotted curve for E2
transitions, and the dash-dotted curve for the sum. The calcula-
tion for the sum of E1 and E2 transitions slightly overpredicts the
data near 10◦ and underestimates the data for backward angles
for the 58Ni target. For the 208Pb target, the sum of E1 and E2
calculations reproduces the data at large scattering angles but sig-
niﬁcantly overpredicts the data at forward angles.
Higher-order corrections to the perturbation theory were im-
plemented in the dynamical calculations in which the time evolu-
tion of the wave function of 17F was followed. The relative motion
of projectile and target was described by Coulomb trajectories. The
structure of 17F was constructed from a proton and 16O nucleus
with interactions parameterized by Coulomb and Woods–Saxon
nuclear potentials. The depth of the nuclear potential was adjustedFig. 3. Angular distributions of exclusive breakup for (a) 17F + 58Ni and (b) 17F +
208Pb. The ﬁrst-order perturbation theory prediction for Coulomb dissociation in-
cluding E1 transitions is shown by the dashed curves, E2 transitions by dotted
curves, and the sum of E1 and E2 calculations by dash-dotted curves.
to reproduce the binding energy of the ground and ﬁrst excited
states in 17F. The interaction between the projectile and target was
expressed explicitly as core-target and proton-target interactions.
The dissociation probability as a function of impact parameter was
calculated and the angular distributions were obtained by multi-
plying the dissociation probability to the elastic scattering cross
section at the corresponding angle.
The results of the dynamical calculations are presented in Fig. 4
and compared to the measurement. The dashed curves are calcu-
lations including the proton-target and core-target Coulomb ﬁelds.
The solid curves include the Coulomb ﬁelds of the dashed curves
and the proton-target nuclear ﬁeld. It can be seen in Fig. 4(a) that
the inclusion of the proton-target nuclear interaction is required
for reproducing the data at large angles for the 58Ni target. The
proton-target nuclear ﬁeld is not as important for the 208Pb tar-
get because of a larger Coulomb ﬁeld. This can be seen in Fig. 4(b)
for the results of the calculation at large angles. The agreement
between the calculation and data is good for 17F+ 58Ni while the
calculation overestimates the forward angle data by a factor of two
for 17F+ 208Pb. This may be due to core excitation which was not
considered in the calculation. However, it is not known if there
are additional effects besides core excitation which make a signif-
icant contribution. Further measurements are planned to explore
the higher-order effects in Coulomb dissociation using targets be-
tween Ni and Pb.
Bonaccorso et al. compared theoretical treatments of the
breakup of proton-halo and neutron-halo nuclei [28]. In their
model, the reduction of breakup in proton-halo nuclei is described
as an increase of the effective binding energy of the valence proton
if it were treated as a neutron. This arises from the projectile-
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208Pb. The dynamical calculation including the proton-target Coulomb ﬁeld is shown
by the dashed curves and the combined Coulomb and nuclear ﬁelds is shown by
the solid curves. The dotted curve in (b) is for the perturbation calculation using an
effective binding energy of 1.2 MeV (see text).
target and proton-target Coulomb interactions. It is conceivable
that using the effective binding energy with ﬁrst-order pertur-
bation theory can produce results that are comparable to the
more computer-intensive dynamical calculations. The model pre-
dicts the effective binding energy increases by 2.7 and 3.2 MeV for
17F+ 58Ni and 17F+ 208Pb, respectively. In contrast, in order to ﬁt
the 17F+ 208Pb angular distribution, an effective binding energy of
1.2 MeV is required, as shown by the dotted curve in Fig. 4(b).
In summary, Coulomb dissociation can be a powerful tool for
studying radiative capture in astrophysics if the reaction mecha-
nism is suﬃciently well understood. First-order perturbation the-
ory is inadequate for analyzing the breakup of proton-rich loosely
bound nuclei. The two-body breakup of 17F on 58Ni and on 208Pb
have been measured to study the effects of dynamic polarization,
the leading order correction to ﬁrst-order perturbation theory, inCoulomb dissociation. A large reduction of breakup with respect
to predictions by ﬁrst-order perturbation theory was observed for
the 208Pb target. This is attributed to the higher-order effects in
Coulomb dissociation. The result of a dynamical calculation, in-
cluding proton-target Coulomb and nuclear ﬁelds, agrees with the
measured angular distribution for 17F + 58Ni. The dynamical cal-
culation reproduces the large angle data for 17F + 208Pb but fails
to reproduce the forward angle data. A better understanding of the
reaction mechanisms in Coulomb dissociation is crucial for future
measurements using radioactive beams. Further experiments using
17F beams to explore higher-order effects in Coulomb dissociation
on targets of different nuclear charge are planned.
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